Corals and their endosymbiotic dinoflagellates of the genus Symbiodinium have a fragile relationship that breaks down under heat stress, an event known as bleaching. However, many coral species have adapted to high temperature environments such as the Red Sea (RS). To investigate mechanisms underlying temperature adaptation in zooxanthellate cnidarians we compared transcriptome-and proteome-wide heat stress response (24 h at 328C) of three strains of the model organism Aiptasia pallida from regions with differing temperature profiles; North Carolina (CC7), Hawaii (H2) and the RS. Correlations between transcript and protein levels were generally low but inter-strain comparisons highlighted a common core cnidarian response to heat stress, including protein folding and oxidative stress pathways. RS anemones showed the strongest increase in antioxidant gene expression and exhibited significantly lower reactive oxygen species (ROS) levels in hospite. However, comparisons of antioxidant gene and protein expression between strains did not show strong differences, indicating similar antioxidant capacity across the strains. Subsequent analysis of ROS production in isolated symbionts confirmed that the observed differences of ROS levels in hospite were symbiont-driven. Our findings indicate that RS anemones do not show increased antioxidant capacity but may have adapted to higher temperatures through association with more thermally tolerant symbionts.
Introduction
Coral reefs are complex and diverse ecosystems that provide habitats for thousands of marine species [1] . Climate change as a result of anthropogenic impacts has long been defined as one of the most serious and potentially fatal stressor to corals, the foundation species of coral reef ecosystems [2] . Rising sea surface temperatures have led to an increase in thermally induced stress, leading to the breakdown of the vital endosymbiotic relationship between corals and the dinoflagellate Symbiodinium [3] . The loss of these symbionts, known as bleaching, can have adverse effects on the health of corals and eventually lead to their death.
Corals are globally distributed across habitats with extremely different conditions. In particular, corals in seasonal hot waters, such as the Arabian Gulf or the Red Sea (RS), and in highly thermal variable environments, have demonstrated a capacity to adapt to a large range of temperatures [4] . Corals living in extreme environments also show improved thermal tolerance when & 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original author and source are credited. compared to counterparts from more thermally stable habitats [5] . The overall resilience of the coral holobiont is dependent on the physiological capabilities of both partners-the coral host and associated Symbiodinium [6, 7] .
Coral -symbiont associations have shown geographical specificity, indicating that environmental selection of symbiosis may exist across regions and hence determine Symbiodinium community structure in corals [8] . The importance of Symbiodinium in the holobiont's capacity to respond to stressors is evident through corals ability to shuffle symbiont communities during and after stress exposure [9, 10] . In particular, Symbiodinium in the RS and the Persian/Arabian Gulf (PAG) have shown higher temperature tolerance, and are suggested to be crucial in the overall thermotolerance of the holobiont [11] . However, the extent to which these two partners contribute to thermal tolerance of the holobiont is still poorly understood.
Understanding the underlying mechanisms and the contribution of the two partners that allow enhanced stress tolerance is imperative for future coral conservation efforts, particularly for attempts of assisted evolution [12] . Rapid progress in transcriptomics has indicated regulation of gene expression as a potential mechanism for acclimatization and source of genotypic variation [13] . Studies focusing on various coral species have corroborated key pathways involved in thermal tolerance including protein folding, apoptosis and oxidative stress response [4, 14] .
Production of reactive oxygen species (ROS) is increased in both cnidarian and symbiotic cells in response to elevated temperatures. The consequent elevation of oxidative stress, primarily owing to the symbiont, is thought to be one of the main causes for coral bleaching [15] . The increased ROS production of the symbiont leaks to the host, leading to cellular damage and initiation of apoptosis in the coral cells [16] . Hence, thermotolerant symbionts have been accredited with lower levels of ROS production during heat stress exposure, therefore reducing direct stress to the coral [17, 18] . In turn, a thermotolerant host has a higher threshold for ROS levels through antioxidant responses, allowing sufficient detoxification to prevent bleaching [18] .
While a significant amount of information regarding thermotolerance mechanisms has been obtained on a transcriptomic level, investigations into the proteome have so far been sparse. A narrow assortment of papers uses proteomic analysis to elaborate on fundamental cnidarian biology under stress response [19, 20] . Easy availability of mRNA data has led to an increased dependence on the transcriptome to answer questions regarding biological response and functionality. However, previous investigations into mRNA-protein dynamics have shown a lack in their expected correlation [21, 22] . These low correlations between transcript and protein levels raise the question of whether gene expression is an accurate proxy for the phenotype.
In this study, we investigated thermal stress response variations in the transcriptome and proteome of the cnidarian model organism Aiptasia pallida (sensu Exaiptasia pallida [23] ) from three geographically distinct locations with different seasonal temperature profiles (figure 1). We used anemones originating from North Carolina (CC7), Hawaii (H2) and the RS to analyse differences and similarities in heat stress response. Besides their potential genotypic adaptations, the three strains associate with different Symbiodinium clades (electronic supplementary material, table S1). We investigated anemone strain specificity in thermal response to determine pathways that appear crucial for the survival in thermal extremes as well as potentially drive resilience. By employing a combined -omics approach, we provide, to our knowledge, the first comparison of transcriptome-and proteome-wide response of a zooxanthellate cnidarian to heat stress.
Our study shows the complexity of the interacting relationship between the cnidarian host and its symbiotic partners. Furthermore, results presented indicate that the thermotolerance of the symbiont plays a crucial role in cnidarian temperature stress adaptations, highlighting the importance of understanding host -symbiont dynamics when attempting to enhance coral bleaching resilience.
Material and methods (a) Growth and maintenance of Aiptasia strains
Three Aiptasia strains were used in this study, all of them clonal. CC7 originated from North Carolina, NC [24] , while H2 was collected from Coconut Island, HI [25] . RS was obtained from Al Lith, Saudi Arabia (20804 0 58 00 N, 40807 0 59 00 E).
All Aiptasia strains were housed in replicate (two tanks per strain) polycarbonate tanks in a strain-specific manner, and incubated at 258C and a light intensity of approximately 80 mmol photons m 22 s 21 on a 12 h : 12 h light:dark schedule. The Aiptasia were fed with freshly hatched Artemia salina (brine shrimp) nauplii thrice per week.
(b) Subjecting Aiptasia to heat stress
Prior to the heat stress experiments, for each of the studied strains, 12 individuals were chosen and randomly subdivided into smaller (but identical) polycarbonate tanks, which guards against accidental death of stressed individuals during the experiment. These tanks were incubated without food for three days to allow the Aiptasia to settle and acclimatize to their new tanks.
For the heat stress experiment, all conditions were identical, save the temperature of the incubators. Experimental tanks were slowly ramped up in temperature from 25 -328C at the rate of 28C per hour starting from 08.00 and reaching the target temperature by noon to mimic natural conditions. Control tanks were maintained at 258C. The stress duration lasted from noon until noon of the next day. Samples were collected after 24 h of heat stress at noon, the middle of their daily light cycle.
(c) Simultaneous extraction of protein and RNA from Aiptasia individuals
Four individual biological replicates were picked from control and treatment tanks. Individuals were placed in separate Eppendorf tubes, dried by removing excess water and weighed. Based on its dry weight, a proportional amount of Buffer RLT was added to the Eppendorf tube, and the Aiptasia was crushed using a motorized pestle with Kontes RNase-free tips (Kimble Chase, Vineland, NJ) on ice.
RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with one modification: after crushing anemones in Buffer RLT, the first flow-through (which contains the protein fraction) in the RNeasy spin columns were retained in separate Eppendorf tubes. RNA concentration of the samples was quantified using Qubit 2.0 (Invitrogen, Carlsbad, CA), and quality-checked using Bioanalyzer 2100 (Agilent, Santa Clara, CA).
The protein fraction in the flow-through was cleaned up following a manufacturer-provided protocol to precipitate proteins from Buffer RLT with acetone (Qiagen, Hilden, Germany). Protein concentrations were quantified via Bradford assay using BioPhotometer Plus (Eppendorf, Hamburg, Germany).
(d) Library construction from total RNA
Total RNA from all samples (n ¼ 8 from each strain, i.e. four from control, four from treatment) were initially subjected to a poly-dT selection step, and then used to generate libraries using the Illumina TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA) per manufacturer's instructions. Sequencing was carried out on the HiSeq 2000 platform (Illumina, San Diego, CA), producing a grand total of 874 million reads.
(e) Identification of differentially expressed transcripts
The reads were mapped to the gene models from Aiptasia [26] with the use of KALLISTO v0.42.4 [27] . To reduce ambiguity in read-mapping downstream, a custom Python script was written to pick the longest isoform on a per-loci basis, leading to the decrease of overall Aiptasia gene models from 29 269 to 27 504.
Based on the transcripts per million (TPM) values produced from KALLISTO, sleuth [28] was used to identify genes that were differentially expressed (Benjamini -Hochberg-corrected p value , 0.05) under heat stress relative to control conditions.
(f ) Sequencing the proteome of Aiptasia
Protein fractions were labelled using an iTRAQ labelling method according to manufacturer's protocol. Purified, digested and labelled samples were taken through high performance liquid chromatography (HPLC) for elution of peptides into 15 fractions and then pooled down to five fractions. All samples were then run through liquid chromatography-tandem mass spectrometry (LC-MS/MS) to produce spectral quantification of peptides.
The NanoLC-MS/MS analysis was performed using an online system consisting of a nano-pump UltiMate 3000 UHPLC binary HPLC system (Dionex, Sunnyvale, CA) coupled to a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, Darmstadt, Germany). Peptides were resuspended in 20 ml of sample buffer (3% ACN, 0.1% formic acid) and 2 ml was injected into a pre-column 300 mm Â 5 mm (Acclaim PepMap, 5 mm particle size). After loading, peptides were eluted to an Acclaim PepMap100 C18 capillary column (75 mm Â 15 cm, 100 Å , 3 mm particle sizes). Peptides were eluted into the MS at a flow rate of 300 nl min 21 , using a 40 min gradient from 5% to 40% mobile phase B. Mobile phase A was 0.1% formic acid in H 2 O and mobile phase B was 80% acetonitrile and 0.1% formic acid. The MS was operated in positive and data-dependent mode, with a single MS scan (350 -1400 m/z at 60 000 resolution (at 200 m/z in a profile mode) followed by MS/MS scans on the 10 most intense ions at 15 000 resolution. Ions selected for MS/ MS scan were fragmented using higher energy collision dissociation (HCD) at normalized collision energy of 28% and using an isolation window of 1.8 m/z.
MAXQUANT software 1.5.2.8 [29] was used for peptide and protein identification. Raw files were processed using the MAX-QUANT software interlinked with the local MASCOT server (Matrix Science, London, UK). Mascot searches were done against Aiptasia gene models; contaminants were excluded. Precursor mass tolerance of 20 ppm and a fragment ion mass tolerance of +0.5 Da were used. In addition, carbamidomethyl modification on cysteine residues was used as a fixed modification, oxidation on methionine residues as variable modifications and the decoy database was selected. Further stringency was applied for a robust identification by using minimum peptide length of seven and setting the false discovery rate of 0.01.
(g) Identification of differentially expressed proteins
Data processing followed a method outlined previously [30] that allows for within-and across-run comparisons without the use of a reference sample. Briefly, samples that failed to produce good quality spectral readings were removed (CC7 25 no. 1, H2 25 no. 2, RS 32 no. 2). Spectral values were log 2 -transformed, and subsequently a correction factor that controls for loading effect (which affects the absolute amounts of peptides detected by the machine) was subtracted from each run. Another correction factor was subtracted across runs on a per-gene basis (termed 'median-polished log 2 ' in Herbrich, Cole [30] ), allowing comparisons of relative expression of the same protein across samples.
Relative expressions and standard errors were then calculated for each protein in every strain-temperature combination. To remove rarely detected and low-quality peptide data, filters were instituted on a per-strain-temperature basis: only peptides detected in !2 iTRAQ technical replicates and !1 biological replicates were retained. For each strain, pairwise log 2 -fold changes in protein levels were calculated as the difference between mean log 2 -expression at 328C and mean log 2 -expression at 258C. We initially set a permissive fold change threshold of 1.2Â in either direction to identify proteins that were differentially expressed under heat stress, paralleling published proteomics efforts on marine organisms [31] .
To provide further statistical insight into our results, we subjected the protein values to two more stringent checks. Firstly, t-tests comparing the relative expression values of the same protein across temperatures were carried out on proteins that fulfilled the filters mentioned previously (!2 iTRAQ technical replicates and !1 biological replicates, n ¼ 4296 proteins). Secondly, inspired by a recent study on the same organism [32] , we implemented a multivariate generalized linear model (GLM) to model whether protein expressions were affected by strain or temperature, or a combination of both factors, via a Python script. All calculated p values were subsequently corrected for multiple testing [33] .
(h) Correlating transcript and protein expression patterns
Based on the processed transcript and protein data, two correlations were investigated: whether absolute transcript values rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172654
and absolute protein values were tightly linked, and whether relative changes of transcript expression were similar to that of protein expression under thermal stress. A complication to both analyses was that some detected peptides (approx. 10% of all) could originate from multiple gene models. To reduce ambiguity, these peptides were removed from the dataset, and subsequently plotted with Python.
(i) Functional enrichment of differentially expressed gene models
Since some detected peptides could originate from multiple gene models, if all gene models that could give rise to the differentially expressed peptide were included in the functional analysis, it would result in the over-representation of functional categories associated with the peptide. To remove this bias, a representative gene model was chosen per ambiguous peptide via a Python script. This complication was not present for the transcript data. Functional enrichment was carried out with topGO [34] with default settings; however, the background gene set (universal set) was set as gene models with detectable expressions. This precaution, which was more applicable to the protein dataset than the transcript dataset, prevents the analysis from being biased towards gene ontology (GO) terms that are associated with expressed gene models. GO terms with p , 0.05 and occurring !5 times in the background set were considered significant. Multiple testing corrections were not carried out, as the tests were considered to be non-independent [34] .
( j) Biochemical assaying of reactive oxygen species ROS production of symbionts in hospite during heat stress exposure was measured by repeating the stress experiment as described previously. After 24 h of heat stress, anemones were placed in individual Eppendorf tubes and incubated in 500 ml of seawater containing 5 mM CellROX Green Reagent (Thermo Fisher Scientific, Waltham, MA) for 2 h in the dark at both temperatures. Anemones were washed twice in phosphate buffered saline and crushed in 400 ml of cell lysis buffer (200 mM TRIS-HCl pH 7.5, 2M NaCl, 0.1% Triton 20%). Homogenates were spun down at 14 000g for 3 min, and 150 ml of the supernatants were loaded into a 96-well black clear-bottom plate. Fluorescence intensity of CellROX dye was measured at excitation of 468 nm and emission at 520 nm using SpectraMax Paradigm Multi-Mode Detection Platform (Molecular Devices, CA).
For the measurements of ROS production in Symbiodinium isolates, symbionts were extracted from four anemones of each strain prior to heat stress. Anemones were crushed in 1 ml autoclaved seawater containing kanamycin, ampicillin and streptomycin (50, 100 and 50 mg ml 21 respectively) using a Wheaton tissue grinder. The homogenates were filtered through a 40 ml mesh to remove larger cellular debris. The resulting filtrates were equally divided into two 500 ml fractions, then incubated separately at 258C (control) and at 328C for 24 h.
Post-incubation, symbiont counts were performed on 100 ml of the filtrates using a Guava easyCyte 8HT benchtop flow cytometer (Millipore, MA). Of the remaining filtrate, 300 ml was spun down at 5000g for 3 min. The supernatant was removed and incubated with CellROX for 2 h at 258C, and fluorescence measurements were conducted as described previously. The resulting measurements were normalized against total cell counts.
(k) Inter-strain comparisons of oxidative stress-related genes
To compare antioxidative responses of the three studied strains, differential expression analyses were carried out between strains at the same temperature in a pairwise fashion (i.e. H2 versus CC7, RS versus CC7, RS versus H2). This was possible because our analyses were based on data mapped against Aiptasia gene models [26] instead of against de novo strain-specific transcriptomes. Methods used to carry out these analyses were analogous to the comparisons of transcriptomes and proteomes of the same strain under different temperatures described in previous subsections. From the resulting outputs, we specifically searched for 98 gene models annotated with putative oxidative stress-related function (e.g. thioredoxin reductase, superoxide dismutase, glutathione S-transferase and peroxidasin). The outputs were further concatenated into tables that list the relative fold changes of all relevant pairwise comparisons (electronic supplementary material, supplemental dataset S2).
(l) Typing of the ITS2 regions of Red Sea symbionts
Extracted DNA from four RS Aiptasia at 258C were subjected to a PCR targeting the ITS2 regions of Symbiodinium (using the primers SYM_VAR_FWD and SYM_VAR_REV [35] ). These samples were 4 of 96 samples sequenced on a MiSeq run. Reads from these samples were pooled (757 132 paired-end reads), trimmed with cutadapt v1.16 [36] , and merged into a single read with bbmerge v37.93 [37] to produce 348 488 reads (with length !200 bp).
These reads were clustered at 97% similarity with cdhit-est v4.7 [38] to produce 73 clusters-the 10 most abundant clusters were parsed with a Python script. Representative sequences of these clusters were subjected to a BLASTN search against nt, and clade information of the best Symbiodinium hits were searched for manually.
Results

(a) Weak correlation between transcript and protein levels
Similar to previous studies that combined transcriptomic and proteomic approaches, we found substantially more genes with detectable transcripts (23 635 genes, 85.9% of all Aiptasia gene models) than proteins (4014 genes, 14.6%). Of the total detected proteins, 98% were successfully assigned to a matching transcript. To assess correlations between transcript and protein abundances, we performed linear regressions for samples at control (258C) and under heat stress (328C) (figure 2). These analyses indicated a similarly weak but highly significant correlation (r 2 % 0.2, p-value , 10 2300 ) across all strains and temperatures, suggesting that shortterm heat stress does not significantly alter the correlation between absolute transcript and protein levels. Furthermore, we investigated whether transcripts and their respective proteins display similar relative changes under thermal stress. Surprisingly, the previously identified moderate correlation was abolished when correlating the temperature-driven changes of transcripts to that of their proteins (all r 2 ≃ 0; electronic supplementary material, figure S1 ). We hypothesized that the poor correlation of temperaturedriven changes could be owing to a large proportion of proteins not being significantly different between the tested conditions (mean ¼ 6%). It is possible that proteins with significant fold change would have transcripts differentially expressed in the same direction-thus, the removal of all non-significantly expressed proteins should result in an improved correlation. However, the correlation remained rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172654 zero across all strains (electronic supplementary material, figure S2 , r 2 ≃ 0), indicating that significant changes of protein abundances occur independently from detectable changes in transcript levels.
To better understand this paradox, we investigated the direction of expression change. Focusing on the subset of differentially expressed proteins, we observed roughly equal numbers of concordant changes (e.g. upregulated protein and upregulated transcript) and discordant ones (e.g. upregulated protein with downregulated transcript) (electronic supplementary material, figure S3 ). Overall, RS had the highest concordance (12%), followed by CC7 (7%) and H2 (3%). The lack of protein-mRNA matches, along with the presence of oppositely matching pairs, provide an explanation for the previously observed absence in fold change correlations.
(b) Inter-strain transcriptome and proteome heat stress responses
To assess inter-strain response to heat stress, we compared the lists of differentially expressed transcripts (DETs) and proteins (DEPs). Initial analysis revealed H2 as an outlier, with only 510 DETs detected in the transcriptome in comparison to 1226 and 2888 in CC7 and RS respectively. Comparison of DETs between strains showed 170 common genes (83 up, 87 downregulated). Included in these are established heat response genes such as HSP90, HSP70, HSP90 co-chaperone Cdc37, glutathione peroxidase, superoxide dismutase, calreticulin and calumenin-B. While CC7 and H2 had around 50% of their total DETs downregulated, RS had 57%. Additionally, 67% of RS DETs were not detected in any of the other strains (electronic supplementary material, table S2). In particular, we found more HSP70, superoxide dismutase (SOD), glutathione S-transferase and peroxidasin transcripts differently expressed in RS than in the other strains. Comparison of DETs between strains showed that RS and CC7 (613 DETs) had more similarities to each other than to H2 (RS versus H2: 326, CC7 versus H2: 185). The number of DEPs after heat stress was generally much lower, with a maximum of 294 proteins in CC7, followed by 275 and 151 in H2 and RS respectively showing absolute foldchanges of more than 1.2. Using a t-test, only one protein was deemed significantly expressed after multiple test correction (corrected p, 0.05): AIPGENE10033 (ADP ribosylationrelated protein) in RS. Similarly, a GLM as employed by Oakley, Durand [32] identified only one protein that was differentially expressed due to temperature: AIPGENE18140 ( programmed cell death interacting protein).
(c) Functional enrichment of differentially expressed transcripts and proteins
Functional enrichment of the DETs revealed a total of 24 significantly enriched GO terms that overlapped between the strains (electronic supplementary material, table S3 ). Particular noteworthy terms were related to protein misfolding, oxidative stress, mRNA splicing, endoplasmic reticulum stress and iron binding. When categorized into higher-order terms, protein misfolding pathways appear to be positively enriched in all strains, especially CC7 (electronic supplementary material, supplemental dataset S1). In addition, terms related to oxidative stress response were predominant in RS, showing twice as many than any of the other strains ( figure 3) . Included in these were unique responses related to superoxide dismutase (GO:0004784), regulation of nitric oxide (GO:0045429) and peroxidase activity (GO:0004601). H2 lacked many of the coping pathway enrichments seen in the other strains ( figure 3) . As there were few DEPs that passed our stringent analysis, we were unable to perform a similar functional enrichment analysis for the protein data. Overall, RS and CC7 both showed a broader response to heat stress than H2, through their activation of a variety of gene homologues and essential stress response pathways; indicating strain-specific differences in temperature response. However, both DET and GO-term enrichment analysis indicated a strong antioxidant response in RS anemones, which stood apart from the others (electronic supplementary material, tables S2 and S3; figure 3 ). Hence, we hypothesized that RS anemones may have adapted to warmer waters through improved antioxidant capacity. Additionally, while our investigation centred around the role of the cnidarian host, we kept under consideration that the symbiont's thermal tolerance may be contributing to the oxidative stress experience and response of the host. Previous studies have genotyped CC7 and H2 associated symbionts as clade A (subclade A4) and B (subclade B1) respectively. Similarly, RS anemones associate with a mix of clades A and B Symbiodinium (subclades A1, A2, A4 and B1) (electronic supplementary material, table S1). To validate our hypothesis, we conducted a biochemical ROS assay.
(d) Biochemical quantification of reactive oxygen species
Based on the transcriptomic responses, we predicted differences in the ability of the different host genotypes in mitigating higher ROS levels in response to heat stress. In order to assess if these differences were indeed manifested on the physiological level and whether they are host-or symbiont-driven, we quantified ROS levels of the three Aiptasia hosts by first assaying ROS production in hospite (i.e. host and symbiont) in response to heat stress (figure 4a). We did not detect any significant changes in symbiont densities in any of the anemone strains (electronic supplementary material , table S4 ). Subsequently, we measured the ROS production of freshly isolated Symbiodinium cultures from the respective host (i.e. symbiont only) in response to the same stress (figure 4b).
ROS abundance was generally lowest in RS and there was no significant increase in ROS production in RS under heat stress ( p ¼ 0.093) unlike in CC7 and H2 ( p , 0.05 both) (figure 4a). However, when we compared these ROS levels to those of isolated symbionts we found that the ROS levels measured in hospite mirrored those of the freshly isolated symbionts (figure 4b). For all strains and conditions measured we observed a generally lower level of ROS in hospite than in the isolated symbionts, emphasizing the ability of the host in mitigating some of the ROS produced. Nonetheless, the ROS production pattern appeared to be predominantly driven by the symbiont.
(e) Inter-strain comparisons of oxidative stress-related genes
We were curious to what extent ROS levels were dependent on the antioxidant capacity of the host, or the overall production of the symbiont. A possible confounding factor of the ROS assay was that the different strains of Aiptasia could have had different initial expressions of oxidative stress-related genes. Thus, the lower amounts of ROS assayed in RS samples could potentially be attributed to a higher initial level of anti-ROS transcripts in the host, and not owing to its symbiont being more adapted to heat stress. To de-convolute the role of the host further, we performed inter-strain transcriptomic and proteomic comparisons, focusing on a set of 98 genes with oxidative stress-related functions (electronic supplementary material, supplemental dataset S2). We found that CC7 consistently had a higher abundance in antioxidant transcripts under control conditions compared to RS and H2 (24/20 and 17/12 respectively). When exposed to temperature stress, CC7 had even more transcripts at significantly higher abundances compared to both other strains. However, on a protein level, we could not detect 1 2 -log 10 (p-value) 3 4
unfolded protein response GO:0030433: ER-associated ubiquitin-dependent protein catabolic process GO:0016925: protein sumoylation GO:0032092: positive regulation on protein binding GO:0006457: protein folding GO:0061077: chaperone-mediated protein folding GO:0000413: protein peptidyl-prolyl isomerization GO:0006986: response to unfolded protein GO:0051603: proteolysis involved in cellular protein catabolic process GO:0031398: positive regulation of protein ubiquitination GO:0006541: glutamine metabolic process GO:0015758: glucose transport GO:0042149: cellular response to glucose starvation GO:0034614: cellular response to reactive oxygen species GO:0034599: cellular response to oxidative stress GO:0055114: oxidation-reduction process GO:0045454: cell redox homeostasis GO:0019430: removal of superoxide radicals GO:0045429: positive regulation of nitric oxide biosynthetic process GO:0006979: response to oxidative stress CC7 H2 RS metabolism oxidative stress Figure 3 . Heatmap of GO terms related to unfolded protein response, metabolism and oxidative stress from three Aiptasia pallida transcriptomes. Selected terms illustrate strain-specific differential transcriptomic responses to heat stress ( p , 0.05). Empty boxes denote differences that were not significant ( p ! 0.05).
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convincing differences in the abundances of antioxidants in relation to their condition. Proteins relating to glutathione S-transferase, SOD and thioredoxin showed an overall trend of being more abundant in CC7 and H2 under control conditions. CC7 maintained significantly higher abundances of thioredoxin and SOD proteins, particularly when compared to RS. Thus, the analysis showed that: (i) RS did not have a higher antioxidant capacity than other strains; (ii) initial higher antioxidant response was not the driver of the ROS abundance measured in the assay; and (iii) oxidative stress experienced by the host is therefore mostly determined by the associated symbiont and not the antioxidant capacity of the host.
Discussion
(a) Transcriptome-proteome correlations in a cnidarian model organism
The weak but significant correlation (r 2 % 0.2, figure 2) between the transcriptome and proteome observed across all three investigated Aiptasia strains echo similar results in other model organisms, such as in yeast (r 2 ¼ 0.66) [39] and in mice (r 2 ¼ 0.34) [40, 41] . Correlation of fold changes in protein and transcripts in response to heat stress were completely absent (r 2 ≃ 0; electronic supplementary material, figure S1 ), again similar to observations in other model organisms [22, 42, 43] . While technical limitations can play a crucial factor [44] , this independence is primarily biological in nature. The exposure to stress is one of various factors that can cause uncoupling of transcription and translation as a tool of biological fine-tuning (see review by Maier, Guell [40] ). Since proteome changes are naturally timedependent, and in light of protein misfolding owing to heat stress probably further delayed [45] , we cannot exclude time-lag as a potential factor for the absence in fold change correlation in this study. Our observations on transcript and protein correlations are therefore not surprising, but a valuable addition to the limited number of correlation studies and the first in cnidarians. In agreement with other studies [46] , results suggest that transcripts alone might not be sufficient to deduce organismal proteomic responses to stress.
(b) Strain-specific responses to heat stress
Comparison of inter-strain heat stress responses highlighted several common pathways that suggest a core cnidarian response mechanism. This core response includes regulation of protein folding, oxidative stress response and calcium homeostasis [14, 47] . Additionally, we observed splicingrelated categories among the strains. This is not surprising, as heat shock has been shown to repress mRNA splicing in eukaryotic cells [48] and similar impacts were recently reported in corals [49] . Repressed splicing can act as a form of controlled protein production, allowing for selective expression of stress adaptation related proteins [50] . Sophisticated forms of transcriptional regulation therefore appear to play a more crucial role in cnidarian stress response than so far accredited. These processes might also contribute to the observed lack of correlation between transcriptome and proteome.
The extensive transcriptional regulation of RS anemones stands apart from that of CC7 and H2. The significantly higher number of DETs observed in RS, of which most are exclusive, may be a form of expression plasticity allowing for a faster stress response [51] . This potentially sophisticated form of gene expression control could be crucial to short-and long-term adaptations [13, 52] . The higher proportion of downregulated genes may indicate that RS is able to maintain metabolic activity at reduced levels (figure 3). Control and stability of the metabolism during exposure to stressors has previously been shown to increase survival time of organisms [53] and hence plays a crucial role in heat shock resilience.
On a gene-family level, differences were not only obvious in terms of presence or absence, but also in the number of gene variants expressed. This held particularly true for RS and CC7, where both usually expressed crucial stress response genes but RS used various gene variants rather than only selected ones (electronic supplementary material, table S2 ). An example of such is the more abundant expression of HSP70 in RS, followed by CC7 and an absence in H2. As expression of HSP70 has shown to be a distinguishing factor between thermally tolerant and less tolerant corals [54] , the results suggest that RS has an improved capacity in initial response to heat stress and has a higher thermal tolerance. This would be expected based on the significantly higher average summer temperatures prevalent in the RS (figure 1). Similar patterns were observed in genes related to oxidative stress response. Noteworthy is the significant upregulation of Nrf2 (nuclear factor erythroid-2) observed only in RS (electronic supplementary material, table S2). Nrf2 has emerged as an important regulator of cellular resistance to oxidants and controls an array of downward antioxidant responses [55] . Absence of antioxidant response in the cnidarian proteome during a 2 day heat stress was previously observed in Acropora micropthalma [31] . Instead, the strongest proteome antioxidant response was detected in the associated symbionts, indicating their role in controlling host oxidative stress.
(c) Oxidative stress response is dependent on the thermotolerance of associated symbionts
Efficient control of ROS has long been a mechanism accredited to thermal tolerant corals [4] . However, the current perspective on oxidative stress resilience is a mixed one where both partners, the coral host and the symbiont, have shown to contribute [17, 18] . Since thermotolerance of Symbiodinium is highly variable, knowing the associate symbiont clades is important in understanding holobiont thermal resilience; clade A Symbiodinium are generally consider more thermotolerant [56, 57] . Our multi-omics approach showed that although all strains shift expression of antioxidant genes, RS appeared to show the highest antioxidant capacity. However, physiological measurements showed that the ROS level exposure of the host was predominantly driven by the symbiont. Interestingly, while the host evidently showed the ability to mitigate ROS produced by the symbiont, inter-strain comparisons suggest that the mitigation capacity of CC7, H2 and RS were fairly similar.
Consistent with patterns observed throughout this study, RS and CC7 had higher number of antioxidant-related transcripts than H2 in either condition. Nonetheless, we show that RS does not express significantly more antioxidant genes or proteins than the other two strains. Indeed, we detected the strongest presence of antioxidant genes in CC7 under control and heat stress. On a protein level, the most drastic changes in abundance were also observed in CC7, undermining the possibility of antioxidant capacity as an RS-specific adaptation to heat stress. Thus, there was no indication that the observed difference in ROS was driven by genotype response capacity. This corroborates that the thermal tolerance of associated symbionts is the main determinant of ROS levels and hence the overall oxidative stress experienced by the host [6, 58] . The ability to establish associations with symbionts that have a higher thermal tolerance may be the most crucial mechanism underlying the adaptation of zooxanthellate cnidarians to increased temperature environments. Previous studies on Symbiodinium associated with RS corals have shown higher thermotolerance that may effectively translate into higher tolerance for the holobiont in total [35, 59] . Our findings presented here support the notion that RS cnidarians adapted to their warmer surroundings through symbiosis with local, thermotolerant symbionts, instead of increasing their antioxidative capacity to deal with the increased ROS generated by less tolerant symbionts.
There is enormous interest in understanding the drivers of thermal resilience and susceptibility in corals. Results presented here highlight the complexity and interacting contribution of both partners. Efficient transcriptional regulation and plasticity appear to be important coping mechanisms of pre-exposed cnidarians and are probably important for the initial response to increasing temperatures. However, not all responses observed on a transcriptomic level translated into predicted proteomic or physiological results. Our multi-omics approach highlights the importance of secondary validation in order to produce confident and meaningful biological conclusions. With regards to oxidative stress specifically, physiological measurements validate our hypothesis that the symbiont exerts a significant influence on the overall ROS level within the host. Colonization of extreme environments may therefore have been possible through associations with more thermotolerant symbionts. However, this relation may be evolutionarily conserved, suggesting that the infection of other genotypes with heat-tolerant symbionts may not necessarily lead to overall improved tolerance. The findings presented here emphasize the importance of the symbiont in determining the thermal resilience of the holobiont, a crucial factor to consider for future attempts in aiding corals through predicted climate change impacts.
Data accessibility. RNA-seq data are available at NCBI under project number PRJNA406873. Python scripts for proteomic analysis, and the Excel sheet providing normalized protein intensities, are available at https://github.com/lyijin/aiptasia_multi-omics, with more detailed explanations.
